Abstract. The Hartree independent-electron model is applied to the evaluation of the relative numbers of multicharged Xe ion species produced by intense laser pulses. Singleelectron ionisation probabilities are constructed from a Keldysh-like formula containing adjustable parameters to give best fits to data at 6.42, 2.33, 1.17 and 0.117 eV photon energies. The spatial intensity distribution of the laser beam is folded in. Overall satisfactory fits to the data over this wide wavelength range with physically reasonable parameters confirm the validity of the model. The time evolution of the various states of ionisation during the pulse is qualitatively similar to the sequential ionisation picture.
Introduction
In recent years a number of different laboratories, using high powered lasers at various wavelengths, have obtained time-of-flight spectra for the relative numbers of q charged ions produced. Luk, Boyer, Rhodes and co-workers (Luk er a1 1983 , Boyer et a1 1984 have seen charge states of Xe as high as q = 8 in their measurements with an excimer laser at 193 nm ( h w = 6.42 eV) in the intensity range lOI5-10'' W cm-2. The Saclay group (L'Huillier et a1 l982,1983a, b, c, Lompr6 and Mainfray 1985) has used N d : YAG radiation at 1.064 p m ( h w = 1.165 eV) and its frequency doubled wavelength 0.532 p m ( h w = 2.330 eV) to measure the relative number of ions produced up to as high as q = 4 in the rare gases in the intensity range 10"-10'4 W cm-2. At very long wavelengths, Chin and co-workers (Chin et a1 1985 1987) using CO2 laser pulses (9.55 and 10.55 p m , hw = 0.117 eV) have been able to make relative number measurements for Xe ions up to q = 3, and have also detected the presence of ions up to q = 6 . Thus an increasing volume of data is becoming available over a very wide range of photon energies. A review of the current theoretical situation has been given by Lambropoulos and Tang (1987) .
A general feature of the data is that the highly charged ions are appearing somewhat more readily than was at first expected on the basis of the increasing number of photons needed to successively ionise the higher charge states. The number of singly charged ions plotted as a function of laser intensity in the Saclay data shows at the lowest intensities an increase of the form I N l , where N , is the lowest integral number of photons needed to ionise the neutral atom, which is the dependence in perturbation theory. As the intensity is increased there is a departure towards a smaller slope. The onset slopes of the doubly charged ion appear to be much greater than the NI power, but the ion numbers are so small that reliable determinations of the limiting slope are not yet extractable from the data. The number of higher charged ions ( q > 2 ) is also too small to extract limiting slopes, and in general their average slopes over the ranges of their measurement correspond to a power law greater than N I , but not nearly as high as N q , the total photon number needed from the atomic ground state.
The Luk et a1 data for Xe are presented as the ratio R'q' = dV'q)/JV''' (ion numbers) at several high laser intensities, and there does not seem to be any correlation with intensity dependence on photon numbers that one might expect from perturbation theory. Also, in the case of the ionisation by CO, laser pulses, the effective photon numbers are so large as to make any such correlation with slope meaningless.
There have been several attempts to provide theoretical explanations of the data. Generally speaking, there are four separate schools of theoretical interpretation.
(1) Successive ionisation (L'Huillier er a1 1983a, b, Lambropoulos 1985, Yergeau er a1 1987) in which rate equations connecting populations of different ion species form a basis of analysis. It is argued that the main ionisation mechanism is via successive ejection of electrons and that the direct ionisation process (i.e. with simultaneous ejection of two or more electrons) is negligible. The arguments presented are either directly obtained from a perturbation theory approach (which does not seem to be justified for the strong fields considered) or in the case of Yergeau er a1 (1987) (who discuss more general rates) rely heavily on intuition developed for much weaker fields. The functional forms of the rates considered imply also that only transitions between ground states of the neutral atom and ions are considered.
( 2 ) Purely statistical approaches; Crance (1984 Crance ( , 1987 has proposed a statistical interpretation of photon absorption to reach states of multiple ionisation. Mu et a1 (1986) and Aberg et a1 (1984) have made fits of the Rhodes-Luk and Saclay data with binomial law forms and have concluded that their results support the sequential picture of multiple ionisation.
(3) Collective or cooperative effects of various kinds have been proposed (Rhodes 1985 , Szoke and Rhodes 1986 , Bialynicka-Birula and Bialynicki-Birula 1986 . These generally have not yet led to quantitative results which may be compared with the measurements. One collective model (Lewenstein 1986 ) did lead to estimated values of the ion ratio for Xe, but there were large factors of disagreement (underestimates) with much of the experimental data.
(4) The independent-electron (Hartree) model, proposed and explored by the present authors (Geltman 1985 , Zakrzewski 1986 , hereafter referred to as I and 11, respectively). Our model of completely independent electrons assigned to atomic shells in the usual way leads to the complete description of the multiple ionisation in t.erms of individual single-electron ionisation probabilities (SEIP).
In I a least-squares fit was made to the Rhodes-Luk data for Xe using different constant S E I P (pZp and p S s ) at each of the three peak laser intensities. Less detailed estimates were made of the S E I P which would be consistent with the Saclay data on rare-gas multiple ionisation, and it was pointed out that new data on Xe multiple ionisation with COz laser pulses (Chin et a1 1985) were qualitatively consistent with the expectations of the independent-electron model.
A more realistic form for the S E I P was proposed in 11, where they were taken to be functions of the local laser peak intensity, which was assumed to follow a Gaussian radial spatial distribution in the beam. The average probability for each state of ionisation ( q ) could then be used to get a best fit with the data by adjusting parameters in p , ( Z ) , which was taken to have the Keldysh form (Keldysh 1964) . Considerable improvement resulted in the quality of the fit to the data.
In this paper we present more detailed results on the application of the independentelectron model to the interpretation of these measurements of laser multiple ionisation of Xe at the four wavelengths mentioned above. We will attempt to use S E I P which are consistent with any existing ab initio multiphoton ionisation cross section calculations, and supplement these by reasonable forms containing adjustable parameters.
In 0 2 we summarise the basic theory of the independent-electron model, and in the following sections we apply it to each of the cases for which measurements have been reported.
Review of the theory of multiple ionisation in the independent-electron model
The basic assumption of independent electrons is embodied in a total Hamiltonian which is a sum of one-electron operators:
where V, is a Hartree self-consistent atomic field acting on the ith electron in the s shell which includes the spherically symmetric part of the screening due to all other electrons. Since T, + V , has bound and continuum states ( u k ) in its spectrum, we can define the S E I P as the full projection of these continuum states upon the time-dependent one-electron solution,
where Ipo is the peak intensity of the pulse at the position of the atom. In fitting S E I P to the experimental data we are only interested in the ionisation probabilities which exist after the laser pulse is over, i.e. as t + CO, so we understand p,(Z) to denote that.
Thus the S E I P used to fit any particular experiment depend intimately on the temporal shape and size of the laser pulses used.
As discussed in I the overall probability that qs electrons are ejected from the s shell (containing n, electrons) is and if q ejected electrons come from several shells, q = Z Y 4 , and This definition of ionisation probability automatically provides for overall unitarisation, where Q = Z,n, is the total number of electrons which may be ejected.
An important property of the independent-electron picture, which follows from (3), is that a s p s is increased from 0 to 1 the probability that only one electron is ejected from the shell, P:'), does not itself reach the value 1, but rather has a maximum value at some intermediate value of p s . This is illustrated in figure 1 of reference I for an 1 = 1 shell of six electrons. The only P ( y ) value which can reach 1 is for q = 6, i.e. the ejection of all the electrons in the shell, which is attained when p = 1, or when each electron is ejected with unit probability. This behaviour is different from that in the picture of sequential ionisation (Yergeau et al 1986 , L'Huillier et a1 1983a where it is argued that the production of singly, doubly, triply,, , , charged ions occurs in a chain reaction going from states of lower charge to states of higher charge. This latter picture requires the assumption that the laser field acts on only one of the outer-shell electrons until it is ejected, and only then begins to act on another of the remaining electrons until it is ejected, and so on. Lambropoulos (1985) also describes the multiple ionisation of a Xe atom o n the basis of Xeqt being 'born' at a particular time during the pulse and experiencing a 'lifetime' in its conversion to Xe(qtl)+. This picture also neglects the fact that the laser field is acting on all the equivalent electrons in the shell simultaneously, and not sequentially. There appears to be little physical justification to the picture of switching off the interaction between the laser and all the 'other' electrons in a shell while considering the sequential process
-~~) h w +~e (~+ " + (6) where Nq is the minimum photon number needed to go from the neutral atom to Xeqt. On the other hand, the independent-electron model intrinsically incorporates the equivalence of all electrons in the shell in their interaction with the laser field.
Of course, at particular resonantly tuned wavelengths the excitation of doubly (and perhaps multiply) excited states which may autoionise into a neighbouring continuum may well dominate over the background single-electron ionisation scheme we have assumed above (see, for example, Feldmann et al 1982, Agostini and Petite 1985) . However, since the excitation of these autoionising states requires specially tuned radiation, we can safely assume they are not produced at the four wavelengths of the experiments presently being interpreted. In fact, excluding for the moment the CO, laser data for which the photon numbers are too large to use a multiphoton absorption picture, the photon energies 6.42, 2.330 and 1.165 eV lead to minimum values of N,hw which are only a little above the first ionisation potential of Xe (12.13 eV). Since the lowest lying doubly excited autoionisation states are much higher lying, their excitation would involve many more photons than N I , and hence would arise with a much reduced probability. Autoionisation as a result of spin-orbit coupling is possible between the 'P3,, and 2P,lr ionisation limits and its effect on multiphoton ionisation has been calculated by Gangopadhyay et al (1986) . Their two-photon autoionisation structures d o not coincide with the energy of the Rhodes-Luk photons and they are consistent with an independent-electron model of the atom (since they also ignore the explicit electron-electron interaction).
In any measurement of multiphoton multiple ionisation, as the peak laser intensity is varied, the effective volume in which the ions are produced is also varied. A proper calculation of the relative number of ions produced must therefore include the effect of the spatial distribution of intensity within the laser beam. This was done in 11 where a Gaussian radial distribution of intensity was assumed to evaluate the relative ion number ( q > 0) produced by the pulse,
( 7 )
The same constant C applies to all charge species and so is arbitrary in the evaluation of relative ion numbers. As long as the radial extent of the gas target is much larger than the radial waist of the beam (which is always the case in practice) the above form is valid.
The S E I P should take their perturbation theory values for low fields, i.e.
where is a generalised N,-photon cross section, F is the photon flux corresponding to laser intensity I and t is the time the atom is exposed to this constant flux. If the temporal shape of the laser pulse is also Gaussian, (8) is still a good approximation to the S E I P if one takes F to be the peak flux and t the FWHM of the pulse. If the intensity and/or pulse length become large enough so that p defined by (8) becomes 'close' to unity we are no longer in the region where perturbation theory is valid, and p will depart from the form (8).
The theory is not far enough advanced to tell us the correct form for p ( t ; I) in this 'saturation' regime. Simply keeping p below 1 by taking
is an artificial procedure which assumes that the rate of ionisation remains the same, SNIFN1, and that it is only the depletion of the ground state which causes a departure from (8) for the ionisation probability. Thus (9) is expected to be a better representation for moderate values of F when t gets very large than it is for moderate t when F gets very large. This latter case is the situation where AC tunnelling is expected to be important. Keldysh (1964) proposed an AC tunnelling theory which would apply at high intensities where lowest-order perturbation theory would not be valid. His result is expressed in terms of the ionisation rate where E , is the binding energy, w is the laser frequency, p is a complicated factor depending on atomic and laser parameters, and y is the tunnelling parameter of Keldysh
where Eo is the amplitude of the laser electric field. The quantity f ( y ) is
A Keldysh-like 'saturation' form of the ionisation probability, containing the two parameters a and b,
was used in I1 to obtain a best fit to the Rhodes-Luk data. In the present work we will use this form at high intensities, but require p to be continuous with perturbation theory forms a t lower intensities. A number of other more recent papers have also been devoted to ionisation rates in strong fields (Pert 197.5, Brandi et a1 1981 , Mittleman 1983 , Reiss 1984 ), but we chose the oldest one, that of Keldysh, since that formula is most convenient to parametrise.
S Geltman and J Zakrzeivski
We should like to emphasise that although form (11) is suggested by the Keldysh theory rate (loa, b, c) for a constant intensity field (or rectangular pulse), we adopt it only as a convenient form to parametrise the S E I P we use in fitting the data (approximately Gaiissian pulses of varying durations). Thus we carmot rigorously associate our best fit a and b values with their precise definitions in Keldysh theory. Although an attempt was made at such an association for the parameter a in 11, the fair agreement obtained there can only be qualitative because of the neglect of pulse shape effects. Similarly, any attempt to correlate b with Pt and the Keldysh definition of , f 3 would not be meaningful.
Fit to the Rhodes-Luk data (fiw = 6.42 eV)
Previous fits of the Rhodes-Luk data on relative ionisation probability for charge states up to q = 8 in Xe have been carried out in the independent-electron model in I and 11. In I an average SEIP for the 5s and 5p shells was found at each of the experimental intensities by means of a least-squares fit using equal weights for each of the measured points. In I1 a Keldysh-type S E I P together with a Gaussian intensity distribution was used in a least-squares fit containing weights consistent with mean square deviations equal to J V '~' , the number of ions counted. The fit in I1 was much improved over that in I, indicating that the elimination of the unknown 'effective volume' uncertainty by averaging over the beam's intensity distribution was an important improvement.
There have been recent calculations of the two-photon ionisation cross section of Xe (Gangopadhyay et a1 1986, L'Huillier and Wendin 1987) which are in good agreement with one another as well as with an earlier calculation (McGuire 1981) . From these we adopt the value of e2(5p) = 0.45 x cm4 s at hw = 6.42 eV. As mentioned earlier this occurs away from any autoionisation peaks. We construct the S E I P for ejection from the 5p shell as following perturbation theory (8) for I p O Q I, and having Keldysh-like form (1 1) for Ipo> I,, where I , is a transition intensity which is arbitrarily chosen. The condition of continuity of p ( I ) at I, reduces the number of adjustable parameters in (11) from two to one. Since we do not have an ab initio calculated value of 6,(5s), we use this as an adjustable parameter in the specification of ~~~( 1 , ) .
For IpO Q I,, we take the perturbation theory form
and for IpO> I , we again take the Keldysh-like form (11).
A least-squares fit to the Rhodes-Luk data using equal weights per point is obtained with the following set of parameters: I , = 0.5 x 1 O I 2 W cm-*, pss(I,) = 0.0015, a5, = 0.678, b,, = 0.855, a 5 s = 0.799, b5s = 0.690. Taking the same value of I , to apply to p 5 , ( I ) , and using the ab initio G2 above, we find that p s p ( I c ) = 0.0052. In making the above fit I , and ~~~ ( 1 , ) were fixed to start with, and the a and b parameters were then varied consecutively until a stably converged least-squares fit was achieved. Alternate treatments are to give statistical weights to the data points (done in 11) and to make least-squares fits to the logarithms of the ionisation probabilities (or their ratios). These procedures could give better fits than we obtained in figure 1 , but we prefer to use an equal weight one since we really cannot make an analysis of experimental uncertainties and the logarithmic fits did not seem to be physically justified except that the fits appear to look better on a logarithmic scale. We also want to d o the same kind of fit for all the data from different laboratories and at different wavelengths. The four-photon generalised cross section for ionisation of a 5s electron is extracted from the above parameters and the 5 ps pulse width to be ~?~( 5 s )
= 5.4 x The fit to the data is shown in figure 1 and the corresponding SEIP are given in figure 2. All except three of the measured points lie within a factor of 2 of the best fit curves, and these remaining three points are within about a factor of 3 of the best fit curves. As mentioned earlier we are not justified in trying to compare these best fit a and b with their Keldysh definitions. It follows that the goodness of the fit in figure  1 is more a validation of the independent-electron model of the multiple ionisation process than it is of the correctness of the Keldysh theory for the ejection of a single electron in a strong field.
Using the best-fit SEIP described above we may evaluate all the relative ion numbers JY'~) as a function of peak laser intensity Io using (6) and (7), and these are plotted cm8 s3. , 1983a , b, c, Lompri and Mainfray 1985 . They cover the intensity ranges 7 x 1012-1.5 x l O I 4 and 2 x 10"-7 x 10l2 W cm-2, respectively. Their data are characterised by a Xe' number which grows as I r l at low intensities, where NI is the minimum photon number for ionisation from the 5p shell. For the photon energy 1.17 eV, N , = 11, and for 2.33 eV, NI = 6. No ab initio multiphoton cross sections are available for either of these two cases, so we adopt the fitting procedure of taking I, to be approximately equal to the intensity below which the measured singly charged ion numbers follows the I"! law. This leaves adjustment of the value p5,( I,) and a or b in the Keldysh-like form (1 1) when obtaining a best fit. Electron ejection from only the 5p shell was considered since only q S 4 was measured.
Following this procedure, we look for an 'eyeball' fit of N('l)(Io) to the data. It was felt that a least-squares fit would not be appropriate since an overall scaling factor for the data was needed to compare it with our calculated values. We obtain this factor now by vertically displacing the data for relative ion numbers over our calculated dVA'4'. The best fit parameters are as follows. of the breaks in the slope of the measured curves for the singly charged ion, and the remaining parameters were varied arbitrarily until the best 'eyeball' fit was obtained. These fits are given in figures 4 and 7, and the corresponding S E I P are shown in figures 5 and 8. The fit for the 1.064 nm data is very good. It is not as good for the 0.532 nm data, with the main discrepancy occurring in the lower intensities of the Xe2L curve, where the data fall below the calculated curve. Perhaps better agreement might be attainable with a more correct form for p ( 1 ) t . It is interesting to see the consequences of a total saturation in the S E I P . This could be modelled by letting ~~~( 1~~) retain its perturbation theory form all the way to I,, where p ( I p o z I,) = 1. Such a S E I P is indicated by the broken curve in figure 5 , where p,,(Ipo < I,) = ( I p O / I , ) l l (to correspond to the eleven-photon ionisation of Xe), p S p ( Zpo 2 I,) = 1, and I, has also been taken to be 1.3 x 1013 W cm-2. The resulting relative ion numbers are shown in figure 6 , and are characterised by sharply rising curves which abruptly flatten out at the saturation intensity. By comparing these curves with the data in figure 4 it becomes clear that an abrupt saturation of the S E I P in the independentelectron model is not consistent with experiment, and that a sharp departure from the perturbation theory form is necessary well before I , is reached.
Fit to the Chin data (fiw =0.117 eV)
In dealing with an interpretation of the data on the multiple ionisation of Xe with pulses of CO, laser radiation we are confronted with such large photon numbers (NI -94 or 104 for A =9.55 or 10.55 p m , respectively) that the use of the usual perturbation theory ideas is not appropriate. Experimentally, Chin and co-workers (Chin et a1 1985 , Yergeau et a1 1987 are unable to quantitatively identify ion yield against intensity slopes of that magnitude, and find that all of the low-intensity slopes they have measured fall in the range 10-15 regardless of wavelength and atomic species.
As the frequency is lowered the appropriate mechanism for electron ejection tends more towards 'tunnelling' rather than 'multiphoton ionisation'. Indeed, in the limit of a static field, no photons in the usual sense are present and tunnelling is the only available mechanism.
In view of this we did not attempt to use a S E I P to fit the Chin data which had any limiting form based on photon number. Instead we used the pure Keldysh-like form (1 1) over the entire intensity range. A best 'eyeball' fit was obtained with a = 45 and b = 5. The fit is shown in figure 9 , and the corresponding S E I P in figure 10 . While the fit is not as good as the others at shorter wavelengths, the spread in measured points S Geltman a n d J Zakrzewski Figure 10 . s E l P f o r the 5p shell of Xe ( A = 9.55 p m and pulse duration 1.1 ns) corresponding to the calculated best fit in figure 9.
indicates a larger experimental uncertainty in this case. Also we have not attempted any horizontal shifts, corresponding to uncertainties in the measured intensities, in making the fit. Such a shift would give a better fit in the position of the maximum in the single ionisation curve.
Another factor in our fit of the Chin data is that instead of a Gaussian radial distribution for the beam intensity, which we assumed in all the other fits done here, it was necessary to take a form exp(-p')). It was found that if a Gaussian distribution were assumed the calculated ."fq' curves of figure 9 would rise to a maximum value and remain there (as also occurs in figure 6), rather than having the localised maxima shown by the singly and doubly charged ion number data. We believe that while a Gaussian distribution is most appropriate for the lowest mode of a cavity-type laser, there could be appreciable departures from this in a discharge-type laser, such as CO2. Yergeau et a1 (1987) estimated the waist size wo of the beam from the burn radii of spots in a thin film of A1 at different pulse energies. We have used their data of spot radius r (in p m ) against pulse energy E (in pJ), and made least-square fits of
for the best values of the threshold energy Eth and waist radius wo for the integers n = 2 and 4. The results were E,, = 42.50 p J, wo = 60.62 p m for n = 2 and Efh = 54.83 pJ, wo = 72.23 p m for n = 4, and the fits are shown in figure 11 . There is apparently no clear preference of the data for n = 2 over n = 4. Chin et a1 (1986) have also reported the detection of the Xe ions of q = 4, 5 and 6. The numbers of these ions were so low that it was not possible to measure actual abundances against intensity. Rather they reported 'appearance intensities' for these ions and gave the 'appearance intensity' for each charge state. It is not clear how to compare our presently calculated I o ) with these 'appearance intensities' since their data in figure 9 indicate that the 'appearance' of each of the first three ionic species corresponds to a somewhat different number of ions for each of them.
The present fits to the CO2 laser data are not as good as our fits to the shorter wavelength data. Since one would expect the Keldysh formula to be better at longer wavelengths where more tunnelling occurs, this is somewhat surprising. This may reflect the necessity to integrate properly over the time profile of the pulse, our oversimplification of the true Keldysh form by choosing b as a constant rather than an intensity-dependent quantity, or a general deficiency in the Keldysh form. We would be able to obtain somewhat better fits (than given in figure 9 ) by making some arbitrary changes in the Keldysh form, so we feel that the independent-electron model is capable of as good a representation of the data at the CO, laser wavelength as is warranted by the true experimental errors. The paper of Yergeau et a1 (1987) indicates a misunderstanding of the predictions of the independent-electron model in its assertion that the model does not agree with their measurements.
Time evolution of multiple ionisation
Our preceding discussion and fits to the data have been based on S E I P which apply after the laser pulse has acted upon the atom. Thus each of our fits to the different measurements in the preceding sections involves SEIP which correspond to completely different pulse shapes and durations. The details of these pulse shapes and durations will of course determine the resulting SEIP, but since our S E I P are asymptotic ionisation probabilities they are determined by fitting our calculated J W '~) to the data for relative ion numbers following the pulse. A calculation of the time evolution of the multiple ionisation probabilities would require a folding in of the pulse shape and duration, leading to a time-dependent SEIP, p ( t , I,,,) , at each spatial maximum intensity, I,,,. In these terms the S E I P used in our fits, and which appear in figures 5 , 8 and 10, are p (~, I,o) .
It is interesting to try to construct an approximate p ( t , I,,,,) to illustrate the time evolution of the various multiple ionisation states through the pulse in the independentelectron model. This may then be compared, at least qualitatively, with the more popular approach of 'sequential' ionisation in which rate equations are taken to govern the transition between the various charge states of multiple ionisation. In the absence of an ab initio calculation of p ( t, I,,) as defined in equation ( 2 ) , we may construct an arbitrary, but reasonable, form which is consistent with the S E I P p(m, Z,,,) which we have used to fit the data. One such form is
where F ( t') is any ionisation rate pulse shape for which fz-sc: d t ' F ( t') = 1. For simplicity we take F ( t ' ) to be a Gaussian having the same FWHM as the laser pulse. We emphasise that this time profile for the ionisation rate does not correspond to the Keldysh rate at the actual instantaneous intensity I ( p, t ) , but rather is a reasonable instantaneous rate which is constrained to give the asymptotic SEIP p ( a , I,,) which we have used in fitting the data. If this p ( t, Ipo) is put into equations (3) and ( 7 ) it gives the dt"iq)( t, I,) which describe the corresponding time evolution of the relative ion number for each charge state. This calculation has been carried out at Z,,, = 7.0 x l o i 3 W cm-' for the Keldysh parameters which gave the best fit to the Saclay data shown in figure 4 . This result is shown in figure 12 . If data for the time evolution were available, such as the growth of relative ion number as a function of pulse duration, one could attempt to fit that data with a better p ( t, Ip,) than that chosen for illustration in equation (14). The curves in figure 12 show a time evolution which comes out of the use of the proper statistical function (equation (3)) of the s E I P p ( t , Ipo). It is thus of an apparently different construction from the normally used rate equation description of the process in equation (6), where the rates r4 connect adjoining multiply ionised ground states. However, it is easy to show from (3) that the same rate equations can describe the time evolution of P'ql in the independent-electron model, with Of course, rates of this form are dissimilar to those connecting adjoining multiply ionised ground states. It is a common oversimplification in the sequential picture to explicitly consider only the ground states of ions and to ignore excited states, most of which have lifetimes longer than the laser pulse duration. This difficulty does not arise in the independent-electron model since the S E I P corresponds only to the probability of ejection, while all one-particle bound excitations are included in 1 -p , and for which a detailed account is not required for the evaluation of ionisation probabilities.
With the completely different physical interpretation of the rates that the independent-electron model shows, we still obtain the features of a sequential progression of ionisation in time from low to high charge states, as is shown in figure 12 . At small t the most prominent ion is q = 1, which is followed by q = 2, etc. Thus, stressing the difference between the usual 'sequential' picture (with rates connecting ground states of adjacent ions) and the possible sequential reinterpretation of the independentelectron model results, we point out that the claim of Mu et a1 (1986) that their results are incompatible with the independent-electron model is apparently in error.
Conclusions
In this paper we have further refined the application of the Hartree independentelectron model to the multiple ionisation of X e by intense laser pulses. We have used SEIP containing adjustable parameters in a Keldysh-like form to obtain best fits to the data taken with 6.42, 2.33, 1.17 and 0.117 eV photons. These Keldysh-like forms were supplemented at lower intensities by perturbation theory ionisation rates and intensity dependences to the extent that these are known. Most of the experimental data are generally at such high intensities as to probe the Keldysh-like part of our S E I P rather than the perturbative part. The overall quality of our fits in figures 1, 4, 7 and 9 is good, and consistent with the expected experimental uncertainties in the measurement of relative ion numbers and laser intensities. Considering the wide range of photon wavelengths, laser intensities and pulse durations, we must consider this as strong support for the independent-electron model.
We have restricted our present analysis to multiple ionisation of Xe, but there is no reason not to expect similar success in fitting other available data in the rare gases by the independent-electron model.
At some level of experimental precision the effects of electron-electron correlations would make themselves felt, just as they do in the electronic structure problem, but it appears that present day experimental uncertainties are too large for a quantitative probe of the effect of these correlations on multiple ionisation probabilities. In general we would expect the effects of electron-electron correlations to make themselves felt more in the case of long and weak, rather than for short and strong, laser pulses. Conversely, we feel that the Hartree independent-electron model is best for short, strong laser pulses. It must be remembered that all the fits in the present paper were made with trial S E I P of restricted flexibility. These fits could all be improved by increasing the flexibility of the trial SEIP. The present results point out the need for continued experimental efforts to get as accurate as possible data, so that increased confidence may be placed in the S E I P corresponding to the best fits. One may then try to understand the resulting S E I P on the basis of atomic and radiation properties, and thus also provide a test of the Keldysh or other theories of single-electron ionisation in strong fields.
